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5. Abstract
Glaciers act as important water storage units that supply both human and ecological
communities. However, glacial systems are threatened by rising global temperatures as well
as light absorbing particles (LAPs) on the surface and within the snowpack that increase
energy absorption and decrease albedo. The majority of hydrological models used to examine
glacial melt at the watershed level assume a constant albedo of 0.75 for all snow surfaces.
This assumption neglects the impact that LAPs have on albedo, energy processes, and melt
rates. Additionally, current models used to simulate changes in albedo due to LAPs do not
separate the impacts of LAPs on the surface and LAPs within the snowpack. The model
presented in this study aims to separate the impacts of LAPs on the surface, LAPs within the
snowpack, and temperature on melt and albedo within the glacial snowpack system.
Scenarios aimed at quantifying such impacts as well as identifying the behavior of the model
within specified input ranges were run using experimental data. The concentration of LAPs
in the snowpack had the greatest impact on all output variables from the model. Additionally,
simulations of LAP accumulation at the col and summit of Pisco in the Cordillera Blanca,
Peru were run in order to compare model outputs with raw field data. The model produced
simulated LAP concentrations within ±22.1 ng g-1 of the measured value at the col and ±0.01
ng g-1 at the summit. Finally, scenarios were run in order to simulate towers created through
anthropogenic tampering of the surface albedo. The model produced simulated tower heights
of up to 2.5 meters. This model may be constructed further in order to be integrated into a
larger hydrological model, which could have broad implications for the impact of glacial
melt due to LAPs within watershed systems.

vi

6. Introduction
Glaciers around the world are currently experiencing drastic changes due to rising
global temperatures. As important water storage units, accelerated glacial melt threatens both
ecological and human communities. In addition to rising temperatures, glacier mass balance
is impacted by inputs of light absorbing particles (LAPs) to the system. Through processes of
atmospheric deposition, LAPs such as black carbon (BC) and dust, originating from both
natural and anthropogenic sources, impact the structure and processes of the cryosphere
(Marshall 2012).
LAPs collect both on the surface and within the snowpack, thus reducing albedo and
adding energy to the glacial system, which increases melt rates (Aoki et al. 2011, Goelles and
Bøggild 2017, Khan et al. 2017) (Figure 1). While the impact of rising global temperatures
on glacial melt has been widely studied
around the world, the impact of LAPs
on melt processes has become a more
prominent field of study in recent years
(Oerlemans and Fortuin 1992, Barnett et
al. 2005, Pellicciotti et al. 2005, Flanner
et al. 2007). Studies using in-situ data
have focused on the impacts of LAPs in
specfic regions of the world, namely
Figure 1: Conceptual model of snowpack energy
processes and the function of LAPs in the system.

Greenland, the poles, and the Himalaya (Babu
et al. 2011, Ginot et al. 2014, Kaspari et al.
2014, Khan et al. 2017, Thomas et al. 2017).
7

In addition to utilizing in-situ data to investigate the impacts of temperature and LAPs
within specific areas, models have also been developed to predict future changes in glacial
systems (Aoki et al. 2011, Hadley and Kirchstetter 2012). Ablation and mass balance
modelling are often structured with an energy balance or temperature-index approach
(Anderson 1968, Meador and Weaver 1980, Braithwaite 1981, Kustas et al. 1994, Hock
2003, Senese et al. 2014). Hock et al. (2003) developed a temperature-index model, based on
degree days, to investigate snow and ice melt specifically within mountain environments.
Braithwaite (1981) developed a model to investigate the relationship between energy
balance, ablation, and temperature in glacial systems. Other ablation models have been
developed using an energy balance framework, which utilizes radiation data in order to
model energy fluxes and ablation in and on the glacier(Anderson 1968, Kustas et al. 1994).
Kustas et al. (1994) tested degree-day and restricted degree-day, both temperature-index
based approaches, and an energy balance approach in order to reconcile the different
modelling foundations for ablation and produce more accurate snowmelt estimates. While it
was found that the restricted degree-day approach produced estimates most closely related to
data taken from a stream gauge, the study also concluded that the estimates could be
improved by coupling the restricted degree-day model with an energy budget model (Kustas
et al. 1994).
While a subset of these models account for energy absorption by LAPs, the additional
energy absorption is accounted for within the snowpack and not on the surface of the snow,
despite LAPs congregating both within the snowpack and on the surface. The Snow, Ice, and
Aerosol Radiative (SNICAR) model, developed by Flanner and Zender (2005, 2007) is based
on theory from Wiscombe and Warren (1980) and the two-stream radiative approximation
8

used by Toon et al. (1989) to estimate broadband albedo values. Various types of LAPs, each
scaled by their different absorptive properties, can be integrated into the model in order to
account for the impact of LAPs on albedo (Flanner and Zender 2005).
Despite the implementation of models in various locations around the world to
estimate ablation due to LAPs and/or temperature, there are no existing models that separate
the impact of LAPs within the snowpack, LAPs on the snow surface, and air temperatures on
snowpack energetics, albedo, and melt processes. The purpose of this study is to present a
model that integrates both the surface energy balance and temperature-index approaches to
modeling in order to identify the conditions in which snowmelt is driven by (a) LAPs on the
snow surface, (b) LAPs within the snowpack, or (c) air temperature. Experimental data are
used to examine model behavior the model while raw data are used to simulate conditions at

Figure 2: Maps of Peru (left) and the Cordillera Blanca with mountain field sites (right).
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two locations within the Cordillera Blanca, Peru: Vallunaraju and Pisco (Figure 2). The
duration period, solar energy per day, concentration of LAPs in the snowpack, and dry
deposition come from raw data and are used to produce calculated values from the remaining
variables within the model (Table 7).
The majority of hydrological models used in glacier-fed watersheds assume a snow
albedo of 0.75, which neglects the impact that LAPs have on total glacier melt (Schmitt
2018). As such the aim of this model is to construct a model that may be incorporated into
larger hydrological models in order to account for differences in albedo values due to LAPs
both in the snowpack and on the surface.

7. Background
7.1 Glacier Dynamics
Glacier dynamics are largely influenced by surface energy balance and mass balance
processes, both of which are governed by atmospheric and geographic variables. While the
surface energy balance and mass balance of a glacier are not directly linked, surface energy
balance processes influence mass balance through processes such as ablation, sublimation,
and accumulation.
7.1.1 Surface Energy Budget Processes
The surface energy budget of a glacier is defined by the various heat and radiative
fluxes that come in contact with the glacial surface. The surface energy balance is composed
of shortwave and longwave radiation, subsurface heat flux, and turbulent heat flux. The net
surface energy balance is a sum of all such components (Bamber and Payne 2004, Marshall
2012). Additionally, surface albedo heavily influences the surface energy balance of a
10

glacier, and is a critical component of the model presented in this study. Throughout the
atmosphere, radiation is continuously absorbed and emitted at different levels. Flux at the
surface is dependent on such processes, which mitigates glacier mass balance. While
geothermal energy flux transmitted to the base of a glacier from the underlying earth has
some impact on the total energy of the glacier, these values typically range between 0.040.06 W m-2 and are not nearly as impactful as the hundreds of watts per square meter
produced by radiation fluxes at the atmospheric interface (Marshall 2012).
Snow and ice act both as energy storage units as well as shields against radiation
(Slaymaker and Kelly 2007). Both mediums store latent heat and reflect most shortwave
radiation and absorb and reemit most longwave radiation in the form of thermal energy
(Slaymaker and Kelly 2007). Finally, snow and ice also act as insulators due to their porous
structure, all of which influence the surface energy budget of snow and ice.
7.1.2 Short- and Longwave Radiation
Shortwave radiation is a key component of surface energy flux and balance. In most
environments, shortwave radiation is the main cause of ablation (Marshall 2012). Incoming
solar radiation is absorbed and scattered by suspended atmospheric particles such as dust and
water vapor. Surficial incoming shortwave radiation is comprised of two main factors: direct
and diffuse solar radiation. Reflection of direct light from surrounding terrain, largely
influenced by the topography of an area, also influences isolation, but to a lesser extent. In
addition to the direct solar bean, diffuse solar radiation reaches a location from all directions.
This type of shortwave radiation arises from Rayleigh scattering off of atmospheric gases and
Mie scattering off of aerosols, water droplets, and ice crystals. Diffuse radiation accounts for
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the faint light that occurs when the sun is blocked out (Slaymaker and Kelly 2007, Marshall
2012) .
In addition to the influences of shortwave radiation, longwave radiation also controls
energy flux at the glacial surface. Longwave radiation is comprised of infrared, thermal, and
terrestrial radiation. Longwave flux to the surface comes from different heights, and therefore
temperatures, in the atmosphere. This is because the air consists of different proportions of
gases with different infrared emissivities. Water vapor and carbon dioxide are the main
influencers of longwave radiation. However, longwave radiation is much more variable and
difficult to predict without knowing the profiles of tropospheric water vapor, clouds, and
temperature (Paterson 1994). Finally, net radiation is critical in the investigation of glacier
surface energy budget because it is estimated that about 66% of energy available for ablation
on glaciers comes from net radiation (Slaymaker and Kelly, 2007).
7.1.3 Glacier Accumulation and Ablation
Glacier mass balance is largely controlled by processes of accumulation and ablation.
Such processes are the product of local climate as well as surface energy balance. While
accumulation encompasses all processes that add material to a glacier, precipitation and
deposition of atmospheric pollutants are those factors most influenced by climate change and
the most relevant to this study. The accumulation of glacial ice usually takes place from
snowfall, which is then transformed into ice through densification or consolidation. In dry
conditions, grain packing, sintering (rounding), reduction of porosity and permeability, and
recrystallization take place to transform snow to ice. Under dry conditions, this process can
take up to 100 years. However, in wet conditions, the transformation of snow to ice occurs
much more rapidly, because meltwater for surficial snowmelt can percolate into the snow and
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refreeze further down. This reduces porosity and snow grain size thus accelerating the
transformation process (Menzies 1995). While typically the amount of ice within a glacier
increases overtime due to larger amounts of accumulation as compared to ablation over time,
climate change has also caused an increase in the amount of ablation, leading to more ice loss
than gain on many glaciers around the world.
Ablation defines all processes in which snow and ice are lost from the glacier. In
general, the main cause of ablation is melting of snow and/or ice which is followed by runoff. At altitudes greater than 3,000 masl, sublimation, the process in which the phase change
of a substance is from solid directly to gas, also plays a key role in ablation (Paterson 1994).
Sublimation requires higher amounts of energy in order to transform snow or ice directly to
vapor as compared to the amount of energy required to melt snow or ice. Ablation is largely
controlled by the heat budget of a glacier which is in turn influenced by short- and longwave
radiation at the surface.
7.1.4 Glacier Mass Balance: Topics and Methods
Glacier mass balance plays an important role in the how glaciers function over
various time scales. Mass balance, also referred to as mass budget, is a measure of the
amount of accumulation versus ablation on a glacier in a given year and is controlled by both
atmospheric and geographic variables. A positive mass balance indicates more accumulation
than ablation within a year; the reverse is true for a negative mass balance. In the steady
state, inputs to the glacier via accumulation are equal to losses from ablation. Mass balance is
a function of various external geographic and atmospheric relationships which influence the
distribution and thickness of snow cover as well as the distribution and thickness of glacial
ice. Aside from long- and shortwave radiation as well as ablation and accumulation, as
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explained in the previous sections, mass balance is also a function of air temperature, and
inputs of impurities from the atmosphere (Paterson 1994, Menzies 1995). Additionally,
geographic variables such as altitude, topographic slope, and seasonal distribution of surface
melt water influence glacier mass balance. In these factors, the atmosphere also mediates
glacier mass balance through the deposition of pollutants.
Net mass balance is an important measure when studying glaciers in the long-term,
especially in regards to climate change (Menzies 1995). There are various methodologies in
which mass balance can be measured. Glaciological methods are commonly used to measure
ablation at the surface by way of in situ data (Kaser et al. 2003). Additionally,
photogrammetric methods can be used to examine change in mass balance in addition to
creating detailed maps of glaciers. Finally, hydrological methods may be used to evaluate the
amount of water stored in the glaciers via stream gauge readings (Kaser et al. 2003). While
there are many other ways to measure glacier mass balance, the methods described above are
the most common in the literature, specifically for mass balance studies situated in the
Cordillera Blanca.
7.1.5 Climate Change and Glaciers
Snow reflects about 80% of incoming radiation from the sun as compared to the
oceans and soils, which typically absorb 80% or more of incoming solar radiation
(Slaymaker and Kelly 2007). This means that the amount of Earth's surface covered by ice
and snow is critically important for global energy balance.
Measuring mass balance has become even more important since to start of the century
due to increasing interest and urgency to understand the impact of climate change on
glaciers. In the Cordillera Blanca, glaciers are especially vulnerable to climate change
14

because these glaciers are often exposed to melting or near melting temperatures on a daily
basis. Thus, studying mass balance in the region has become of increasing interest.
High rates of glacier recession in the Cordillera Blanca began in the middle of the 19th
century (Kaser and Georges 1999, Georges 2004). At the end of the Little Ice Age (LIA), the
glacier extent of the Cordillera Blanca was 850-900 km2 and retreated about 1000 meters by
the onset of the 20th century (Georges 2004, Mark and Seltzer 2005, Vuille et al. 2008b).
Similar rates of retreat were also found for the 20th century (Vuille et al. 2008b)
This loss of glacial volume is attributed to increased temperatures in the region
accompanied by an increase in humidity as well as changes in precipitation (Mark and
Seltzer 2005, Vuille et al. 2008b). Precipitation was found to be an important driver of mass
balance in the Cordillera Blanca (Vuille et al. 2008a). However, it is difficult to separate the
impacts of temperature and precipitation in the tropical Andes due to strong covariance
between the two variables. Vuille et al. (2008b) found significant negative correlations
between glacier mass balance in the Cordillera Blanca and tropical Pacific sea-surface
temperatures (SSTs). This confirms previous results, as noted in section 4.1, that cold, La
Niña years typically produce a positive mass balance while warm, El Niño years consistently
have a negative mass balance (Kaser et al. 2003, Vuille et al. 2008b).
In addition to a general negative trend in mass balance, Bradley et al. (2009) reported
an average of ~45m rise in freezing level height over the past 30 years. This result was also
found to be strongly associated with El Niño-Southern Oscillation (ENSO) and mean tropical
Pacific SSTs (Vuille and Bradley 2000, Vuille et al. 2003, Bradley et al. 2009). The above
studies focus on changes in mass balance as a function of long- and shortwave radiation as
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well as accumulation and ablation. In addition to such processes, glacier mass balance is also
influenced by atmospheric deposition of pollutants onto the surface.

7.2 Atmospheric Deposition
Deposition of LAPs on glaciers is controlled by geochemical processes in the
atmosphere as well as emission rates. Atmospheric deposition is the transfer of pollutants in
the atmosphere to aquatic and terrestrial ecosystems. As the amount of anthropogenic
pollutants, specifically via heavy industry, has increased, atmospheric deposition has become
an field of increasing interest in the environmental science community due to the impact that
such pollutants have on ecosystem health. Atmospheric deposition may occur through both
dry and wet deposition.
7.2.1 Dry Deposition
Dry deposition is effectively the transport of particles and gasses from the atmosphere
to Earth's surfaces without the influence of precipitation (Seinfeld and Pandis 2006).
Atmospheric turbulence, the chemical properties of the deposited entity, and surface
characteristics govern the deposition of particles and gases. In this paper, particulate matter
and dust are the main focus. Size, density, and shape influence deposition of particulates and
dust. Particles are transported towards the Earth's surface via turbulent diffusion. For lager
particles, this process is enhanced due to their possession of inertia within the gravitational
system. Small particles are governed more heavily by the deposition mechanics that act on
gases because small particles do not experience inertia (Seinfeld and Pandis 2006).
7.2.2 Wet Deposition
Particulate matter may also be deposited from the atmosphere to Earth's surface via
various types of wet deposition. Wet deposition is simply the removal of materials from the
16

atmosphere by hydrometeors such as rain and snow. However there are several different
methods in which wet deposition of particulate matter may occur. Precipitation scavenging,
or the removal of material from the atmosphere by raining clouds may occur in via rainout or
washout. Below-cloud scavenging by falling snow or rain is defined as rainout whereas
washout encompasses any scavenging of particles within a cloud (Seinfeld and Pandis 2006).
In the Cordillera Blanca, wet deposition is mostly governed by snow deposition.
7.2.3 Pollutant Types
The most prominent types of atmospheric pollutants include: particulate matter
containing heavy metals, polycyclic aromatic hydrocarbons (PAH), furans, sulphates, furans,
nitrates, dioxins, and dust (Amodio et al. 2014).
These differing pollutants have influenced the framing of the field of study of
atmospheric deposition. In the literature, studies may be divided into categories based on the
type of pollutant being investigated (Table 1).
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Table 1: Major themes presented in the literature on atmospheric deposition categorized by pollutant type.
Pollutant of Interest
Themes in Lit
References
Particulate matter
Concentrations of settled particles
(Ruijrok et al. 1995)
Temporal variability
(Guo et al. 2014)
Size distribution of particles
(Cao et al. 2011)
Deposition flux
(Fang et al. 2004)
Ambient concentrations
(Fang et al. 2007)
Deposition velocities
Organics
Polycyclic aromatic hydrocarbons
(Vassura et al. 2011)
Polychlorinated dibenzo-p-dioxins
(Bergknut et al. 2011)
Dibenzofurans
(Guo et al. 2014)
Polychlorinated biphenyls
(Wu et al. 2005)
Urban areas
(Castro-Jiménez et al.
2012)
(Teil et al. 2004)
Inorganics
Metals
(Sakata et al. 2008)
Ions
(Soriano et al. 2012)
(Odabasi et al. 2002)
(Hůnová et al. 2014)
(Anatolaki and
Tsitouridou 2007)
Mercury
Natural sources
(Pirrone et al. 2001)
Coal combustion
(Pirrone et al. 2010)
Mining
(Pacyna et al. 2001)
Biomonitors
Mosses and lichens
(Calamari et al. 1991)
(Blasco et al. 2006)
Plant species
(Bargagli et al. 2002)

Aerosols are colloids of solid particles liquid droplets suspended in the atmosphere.
Human activities account for about 10-20% of all aerosols in today’s atmosphere.
Atmospheric deposition of aerosols can occur through three different processes: wet, dry
(sedimentation), or occult deposition. Wet deposition may occur as rain washout or within a
cloud when in-cloud scavenging or rainout takes place. Additionally, nucleation of droplets
around particles may also occur. However, below a cloud, droplets and particles collide to
form aerosols which are then deposited. Dry deposition processes, also referred to as
sedimentation, do not involve precipitation. Finally, occult deposition processes involve fog,
mist, or clouds (Amodio et al. 2014).
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Most particulate matter deposited in both aquatic and terrestrial ecosystems occurs
through dry deposition (Amodio et al. 2014).
In addition to the process in which pollutants are deposited, residence time also acts
as an important factor in the process of atmospheric deposition. Most aerosols reside in the
troposphere, from 0-15 kilometers above Earth’s surface. The average residence time across
all variations of aerosols in the troposphere is about five days. However, if aerosols reach the
stratosphere (15-50 kilometers above Earth’s surface), residence time increases significantly
due to poor mixing of this atmospheric layer. Mean residence time, defined as the mass of
particles over the inputs or losses from the atmosphere (flux), influences the level of impact
that particles have on the atmosphere. Particles with longer residence times tend to be more
harmful to the atmosphere because they are able to absorb more radiation over time and thus
heat the atmosphere for longer.
Particles often times depart from their suspended state in the atmosphere and settle
onto a surface on Earth. In such cases, the settling rate of particles becomes important
because such rates influence the scale of impact that aerosols may have while still in
suspension. Additionally, settling rates may give insight into the various sizes of suspended
particles within a given area. Stokes' Law describes the rate of settling of particles in a given
solution and is an important concept in atmospheric deposition. The rate of settling,
according to Stoke’s Law, is a function of the diameter of particles, the amount of particles
added to the solution, viscosity of the solution, density of the solution, interactions between
particles, shape of particles, density of particles, gravity, and velocity (Menzies 1995).

19

7.3 Light Absorbing Particles and Black Carbon
7.3.1 LAPs and Definitions of Black Carbon
Black carbon (BC) is a widely used term throughout the literature on atmospheric
deposition. However, BC is loosely defined, with many studies using the same term with
differing definitions as well as studies using different terms that assume the same definition.
This makes it difficult to compare studies within the field. Additionally, there is little
agreement on terminology that incorporates all aspects of the specific properties and
measurement methods (Petzold et al. 2013).
Historically, there have been eight main terms used to discuss black carbon: organic
carbon (OC), elemental carbon (EC), total carbon (TC), carbonate carbon (CC), black carbon
(BC), primary carbon, secondary carbon, and soot (Table 2). Such definitions lack clear
distinctions between terms and as such, studies within the literature do not adhere to the
definitions presented in Table 2. Most commonly, elemental carbon, black carbon, and soot
are used incorrectly as interchangeable terms.
As the research field regarding black carbon has gained attention, terminology has
evolved to become more closely linked to various methodologies used within the field (Table
3). However, much like the historical terms before it, current terminology regarding black
carbon also lacks clarity and exact detail to separate individual terms and avoid misuse
(Petzold et al. 2013). Due to the persistent inconsistencies in the use of terminology within
the field, Petzold et al. (2013) has presented a set of five terms to guide the reporting of black
carbon-like substances in future studies (Table 3). Building from such terms, Petzold et al.
(2013) has also presented a guide of recommended ways to report measurements based on
commonly used techniques in the literature (Table 3).
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Table 2: Fractions of carbonaceous aerosols sorted by historic definitions and associated methods.
Term
Organic
Carbon (OC)

Definition
Any of the vast number of compounds where carbon is chemically
combined with hydrogen and other elements such as O, S, N, P, Cl
etc.
A form of carbon that is essentially pure carbon rather than being
chemically combined with hydrogen and/or oxygen. It can exist
either in an amorphous or crystalline structure.

References
Petzold et al., 2013
Shaha and Rau, 1990

Total
Carbon (TC)

Total particulate carbonaceous material; it is commonly assumed that
TC= OC+EC and often neglects inorganic carbon

Novakov, 1984
Petzold et al., 2013
Shaha and Rau, 1990

Carbonate
Carbon (CC)

Otherwise known as inorganic carbon (IC). Consisting of inorganic
carbonate salts

Petzold et al., 2013
Shaha and Rau, 1990

Black
Carbon (BC)

Combustion-produced black particulate carbon having a graphitelike microstructure or an "impure form of the element [carbon]
produced by the incomplete combustion of fossil fuels and biomass.
It contains over 60% carbon [by mass] with the major accessory
elements hydrogen, oxygen, nitrogen, and sulfur."
Particulate carbon produced in sources, rather than in the
atmosphere, being the sum of primary organic species and black
carbon.
Organic particulate carbon formed by atmospheric reactions from
gaseous precursors. In current literature this fraction is referred to as
secondary organic aerosol (SOA).
Synonymous with primary carbon derived from combustion or a
common name for elemental carbon.

Goldberg, 1985
Novakov, 1984
Petzold et al., 2013

Elemental
Carbon (EC)

Primary
Carbon
Secondary
Carbon
Soot

Petzold et al.,
2013
Shaha and Rau, 1990

Novakov, 1984
Petzold et al., 2013
Novakov, 1984
Petzold et al., 2013
Novakov, 1984
Petzold et al., 2013
Shaha and Rau, 1990

Table 3: Recommended terminology regarding carbon by Petzold et al. 2013
Term
Total Carbon (TC)

Definition
Mass used to describe the mass of all carbonaceous matter in airborne particles

Black Carbon (BC)

Qualitative description when referring to light-absorbing carbonaceous substances in
atmospheric aerosol; the term requires clarifications of the underlying determination
for quantitative use

Equivalent Black Carbon (EBC)

Should be used instead of black carbon for data derived from optical absorptions
methods, together with a suitable MAC for the conversion of light absorption
coefficient into mass concentration

Refractory Black Carbon (rBC)

Should be used instead of black carbon for measurements derived from
incandescence methods

Soot

Useful qualitative description when referring to carbonaceous particles formed from
incomplete combustion.

Under the suggested reporting scheme from Petzold et al. (2013), this study uses
filter-based light-absorption techniques however, due to the amount of ambiguity within the
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literature, we use the term light absorbing particles (LAP) when referring to the substance in
question (Table 3).
For the purposes of this study, a light absorbing method was used and eBC (effective
black carbon) is the reported term. However, pure BC acts as a blackbody, or a 100%
absorptive surface. However, it is important to note that this does not mean that the object is
black in color. Different surfaces may act as black bodies within various parts of the light
spectrum. For example, snow can absorb all incident infra-red radiation, making it a
blackbody in the infra-red part of the spectrum (Paterson 1994). However, in this study, we
used methods concerning visible light, so while BC acts as a blackbody we are more
concerned with albedo when considering the snowpack.
7.4.2 LAPs and Albedo
Albedo is a measure of the proportion of incident light that is reflected by a surface.
This is calculated from short-wave radiation measurements. Specific surfaces have typical
albedo ranges (Table 4) (Paterson 1994).
Table 4: Albedos of various snow and ice surfaces shown as percentages (Paterson 1994).
Surface
Dry snow
Melting snow
Firn
Clean ice
Slightly dirty ice
Dirty ice
Debris-covered ice

Range
80-97
66-88
43-69
34-51
26-33
15-25
10-15

Mean
84
74
53
40
29
21
12

The Snow, Ice and Aerosol Radiative (SNICAR) model is a multilayer model that
produces a broadband snow albedo value by utilizing a two-stream radiative transfer scheme
based on Toon et al. (1989) and Wiscombe and Warren (1980). A two-stream radiative
transfer scheme divides the radiation field into the downward and upward fluxes of diffuse
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radiation, meaning that radiation is scattered at least once, and the direct solar beam (Meador
and Weaver 1980) (Amodio et al. 2014). The model considers incident radiation (diffuse or
direct), solar zenith angle, surface spectral distribution, snow grain effective radius,
snowpack thickness and density, and the albedo of the underlying ground as the principal
variables. Back carbon concentrations (uncoated and sulfate-coated), dust concentrations
broken down by size class, volcanic ash concentration, and an experimental particle
concentration may also be used in the model in order to simulate the impact of impurities on
snow albedo.
An output analysis of the SNICAR model found that snow grain size is heavily
weighted in its influence of the model albedo output. Within the SNICAR model, snow
grains are assumed to be spherical. This is similar to the methodology used in Wiscombe and
Warren (1980) in which snow grain size acts as a proxy for snowpack age because grain size
tends to increase as snow ages (LaChapelle 1969). In the SNICAR model, snow grain size
also appears to act as a proxy for snowpack density.
7.4.3 Studies of LAPs on Snow and Ice
As demonstrated above, studies may define black carbon in different ways and
approach their investigation of black carbon through various avenues. In the literature
relating to the intersection between black carbon and snowpack or glaciers, many studies take
a spatial or temporal approach. Ming et al examines the spatial distribution of soot in snow
on glaciers in western China. While the authors use the term BC throughout the paper, they
are referring to soot, or a product produced through the incomplete combustion of biofuel,
fossil fuel, or biomass (Ming et al. 2009, Petzold et al. 2013). While many other studies
throughout the literature also take a spatial approach to studying BC, Ming et al. (2009) use a
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light absorption analysis method via a filtering technique, which tends to be a less chosen
method.
Babu et al. (2011) also use a light absorption technique, however their study uses an
aethalometer that measures suspended aerosol particles above glaciers. This study aims to
investigate seasonal and temporal variations as well as apportion the source of suspended BC
aerosols rather than take direct measurements of BC in the snowpack. While this technique
does not provide in situ measurements of BC in the snowpack, it is able to produce abundant
amounts of data.
While light absorption techniques are effective, refractory analysis methods are
chosen to analyze measurements of thermal radiation more often. Specifically in regards to in
situ measurements of BC on glaciers or in the snowpack, SP2 is the most common instrument
used in refractory analysis of BC. Ginot et al. (2014), Kaspari et al. (2014), and Thomas et al.
(2017) use SP2 to analyze snow samples from various glaciers around the world. Ginot et al.
(2014) and Kaspari et al. (2014) investigate BC on glaciers in in the Khumbu region of
Nepal, specifically on or near Mera Peak. Thomas et al. (2017) also use SP2 to quantify BC
deposition on the Greenland ice sheet. SP2 tends to provide more accurate values of BC than
light absorption techniques, and thus is commonly found in the literature, however it is also a
more expensive technique.
Black carbon has been applied to a number of studies which examine various
ecosystems. In this study, we examine the impacts of BC on glacier albedo in the Cordillera
Blanca. Similar studies have been conducted throughout the Himalaya and in Greenland,
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however the American Climber Science Program (ACSP) is one of the few groups that has
investigated this field in South America, and more specifically in Peru.

8. System Behavior
8.1 Conceptual Model
The model was constructed on the basis of a basic snow energy budget (Figure 1).
Incoming solar energy is partitioned into energy that enters into the snow system and energy
that is reflected immediately at the surface. The energy that enters into the snow system is
partitioned further into energy that is absorbed on the surface by LAPs, or the first wave of
surface energy absorption, and energy that passes the surface and enters into the snowpack.
Within the snowpack, a portion of the energy, between 60 and 63% of the total incoming
solar energy, is reflected back towards the surface and out of the snowpack. This energy has
a second opportunity to be absorbed by LAPs on the surface as they come into contact with
these particles from below. The remaining energy in the snowpack is absorbed by LAPs and
snow grains within the snowpack. All of the points of energy absorption, including the first
and second wave of surface energy absorption and energy absorbed within the snowpack,
contribute to snowmelt, which is assumed to washout at the bottom of the snowpack.
In the process of snowmelt, the model assumes that not washout of LAPs occurs. In
other words, all LAPs contained within amount of snowmelt accumulate at the surface
(Lazarcik et al. 2017). Additionally, in the operationalization of the model, LAPs on the
surface are condensed into an area per square meter that is completely covered by LAPs and
thus 100% absorptive (Figure 3).
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The model uses the SNICAR albedo reduction value explained above is used in order
to calculate the amount of energy that is absorbed within the snowpack (Equation 2). The
SNICAR model produces a broadband snow albedo value for that of snow with no impurities
and those with impurities (Figure concept snow energy model b). The difference in the
albedo value between the pure and impure samples represents the fraction of the incoming
solar radiation that is absorbed by the LAPs that would otherwise not be absorbed into the
system. In this calculation, the 15% of total incoming energy reflected immediately at the
surface is accounted for because the SNICAR output is a single broadband albedo value.
Thus, in this model, and because the 15% immediate reflection at the surface is embedded in
this SNCIAR calculation, the immediate reflection of energy at the surface is accounted for

Figure 3: (a) conceptual model of the processes and their function within the model and (b)
conceptual model of the SNICAR albedo reduction.

through SNICAR.
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8.2 Model Refinement
During model construction, the product was restructured multiple times. At the onset,
ranges for the inputs of the model were determined based on pervious literature and
accessible datasets. For each value within the range, a scenario of the model was run. The
output values produced by these were then analyzed in order to identify if a) the output
values were within a reasonable range for each output variable, b) determine whether the
functions and relationships within the model were reasonable, and c) identify areas in which
details could be added. Based on the output analysis, the assumptions of the model were
refined or redefined. The newly established assumptions influenced the revision of model
equations based on the assumed relationships between variables. New relationships and
equations oftentimes led to a new determined range of inputs or the model was rerun with the
same input values.
Table 5: Input variables used in the model with their symbology, units, input ranges used to identify model
behavior, and the sources of those ranges.
Variable
eBC concentration in
snowpack
Dry deposition

Symbol
eBCsub

Units
ng g-1

Input Range
5-300

Source
(Schmitt 2018)

eBCdry

ng m-2

100-100000

(Schmitt 2018)

Day (duration)

d

Days

5-100

(Schmitt 2018)

Solar energy per day

Ee

J m-2 d-1

(Schmitt 2018)

Degree-day

DD

Degree-day factor

DDF

Number of days with
positive temperatures
Mm d-1 °C-1

10,000,00020,000,000
0-4
2-8

(Schmitt 2018)

Substrate density

ρ

g cm-3

0.3-0.9

(Schmitt 2018)

(Schmitt 2018)

Table 6: Input values for in-snow eBC concentration and daily dry deposition for each simulated space.
Space

Daily dry deposition
(ngm-2)
10,000

Source

Pisco

In-snow eBC
concentration (ngg-1)
10

Vallunaraju
Clean Standard

30
0

40,000
0

(Schmitt 2018)
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(Schmitt 2018)

8.3 Model Variables
Table 7: Variables used in the model with symbology, units, and sources (equations or literature).
Variable
Day

Symbol
d

Units
day

Source
Determined by the
number of days
between weather
events

Solar energy per day

Ee

J m-2 d-1

(Rodriguez, 2017)

eBC concentration in snowpack

eBCsub

ng g-1

Amount of energy that interacts with clean snow
within 1m2

Eclean

J m-2 d-1

Filtered LAP samples
taken from field
locations analyzed for
eBC concentration
using LAHM
Equation 1

SNICAR albedo reduction

∆α

Faction of total
incoming energy
that is reflected out
of system

Calculation using
input values derived
from the SNICAR
model and polynomial
fit equation. Equation
3

Amount of energy absorbed within the snowpack
per day

Esub

J m-2 d-1

Equation 2

Amount of energy absorbed on snow surface by
eBC per day

Esurf

J m-2 d-1

Equation 6

Snow mass loss due to eBC

meBC

kg m-2

Equation 14

Snowmelt due to eBC

MeBC

mm

Equation 15
-2

Snow mass loss due to temperature

mt

kg m

Snowmelt due to temperature

Mt

mm

Equation 17

Snow mass loss due to eBC and temperature

meBCt

kg m-2 d-1

Equations 19a and 19b

Snowmelt due to eBC and temperature

MeBCt

mm

Equation 20

Cumulative snowmelt due to eBC and
temperature

Msum

mm

Equation 21

Amount of eBC to add to next day’s surface
value

eBCday

ng m-2

Equation 11

Mass of eBC on surface

eBCm

g

Equation 10

eBC shaded area per meter squared snow

µeBC

m2 m-2

Equation 7

Percent of area covered by eBC within 1m2

%aeBC

fraction

Equation 8

Mass Absorption Cross Section

MAC

Meters squared per
gram of eBC
m2 g-1

Designated value for
different LAP
substances
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Equation 18

Summed total amount eBC on snow surface

eBCtotal

ng m-2

Equations 12a and 12b

Dry deposition

eBCdry

ng m-2

Values based on
literature of dry
deposition based on
geographic location

Albedo

α

Fraction: daily
solar energy
reflected at the
surface over total
daily solar energy

Equation 9

Degree day

DD

Number of days
with temperatures
over freezing per
unit time

Equation 16

Degree day factor

DDF

mm d-1 ºC-1

Input (Hock 2003),
(Schmitt 2018)

Snow density

ρ

g cm-3

(Schmitt 2018)

Additional energy absorbed on surface by eBC

Eadd

J m-2

Equation 5

Simulated surface eBC values

eBCsim

ng g-1

Equation 13

8.4 Model Equations
(d-1) is used to indicate that values from the previous day are used in the equation.
The total incoming solar energy (Ee) is partitioned between of the amount of energy
that is absorbed on the surface (Esurf), the amount of energy absorbed within the snowpack
(Esub), and the amount of energy that is reflected out of the system, which is represented
through albedo (α).
The amount of energy that interacts with clean snow within the 1m2 on the surface,
Eclean (J m-2) is calculated as
E!"#$% = E! ×(1 − µ!"#(!!!) )
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(1)

where Ee is the amount of total daily incoming solar energy (J m-2 d-1), and µeBC(d-1) is the area
within 1 m2 covered completely by eBC (m2 m-2) from the previous day.
This is used to calculate the amount of energy that is absorbed within the snowpack,
Esub (J m-2) which is expressed as
E!"# = E!"#$% × ∆α

(2)

where Δα is the albedo difference from pure and contaminated snow, each of which are
calculated using the SNICAR model, and the difference in Δα is calculated as Equation 3. In
the model, a polynomial fit between SNICAR albedo outputs and eBCsub values
(0- 300 ng g-1) (Equation 4) was calculated in order to calculate Δα, on the basis of using the
eBC in the snow, eBCsub, at each time step without having to outsource calculations to
SNICAR.
∆α = α!"#$ − α!"#

(3)

where αpure is SNICAR albedo output value for snow containing no eBC and αeBC is the
SNICAR albedo output value for snow contaminated with a given amount of eBC and the fit
with the model is done using a polynomial fit in JMP version 13.0.
∆α = 0.0102321 + 0.0001312 × eBC!"# − 1.6619 × 10!! × eBC!"# − 145.5 ! +
1.2034 × 10!! × eBC!"# − 145.5 ! − 5.859 × 10!!" × eBC!"# − 145.5 !
(4)
where eBCsub ranges from 10-300 ngg-1.
Through reflection of energy within the snowpack, a second wave of energy
absorption by LAPs on the surface takes place (Figure 3). This additional absorption (Eadd) (J
m-2) is expressed as
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E!"" = 0.65 × E! − E!"#$%

(5)

where 0.65 represents the proportion of the total incoming solar energy that is reflected out of
the snowpack and Ee is is the daily amount of incoming solar energy (J m-2 d-1) and Eclean is
given in Equation 1.
The amount of energy that is absorbed within 1m2 on the surface from the first
wave of absorption from the initial incoming solar energy is expressed as
E!"#$ = µ!"#(!!!) × E!

(6)

where Ee is the amount of daily incoming solar energy (J m-2 d-1) and µeBC(d-1) is the area
within 1m2 that is 100% shaded by eBC from the previous day (m2 m-2) and is expressed as
µ!"# = eBC! × MAC

(7)

where eBCm is the mass of eBC on the surface within 1m2 (g) and MAC is the mass
absorption cross section which represents the area that 1 gram of substance would cover the
surface completely (m2 g-1).
The area covered by eBC, µeBC, is then converted to the percentage of 1m2 that is
covered by eBC (%aeBC):
%a!"# = 1 − %a!"#(!!!) × µ!"# − µ!"#(!!!) + %a!"#(!!!)

(8)

where %aeBC(d-1) is the percentage of 1 m2 that is covered by eBC from the previous day.
This percentage is then used to calculate the albedo of the system using the following
equation
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α = α!"#$%& × 1 − %a!"#(!!!)

(9)

where αSNICAR is the albedo of clean snow, which is initially calculated using SNICAR.
The mass of LAPs on the surface, eBCm (g), used in Equation 7, is expressed as
eBC! =

!"#!"#
!"!

+

!"#!"#(!!!) ! !"#!(!!!)
!"!

(10)

where eBCday is the amount of eBC that has accumulated in a given time step (ng m-2) as a
function of the concentration due to snowmelt (Equation 11), eBCdry is the amount of eBC
accumulation due to dry deposition, eBCdry (ng m-2), and 109 is used to convert nanograms to
grams.
The amount of eBC that is contained within the amount of snow mass lost for a given
time step (eBCday)(ngm-2) is assumed to accumulate on the surface and is added to the eBC
value for the next day and expressed as
eBC!"# = m!"#$ × 1000 × eBC!"!

(11)

where meBCt is the snow mass loss due to LAPs and temperature (kg m-2) (Equation 14),
eBCsub is the concentration of eBC in the snowpack (ng g-1) and 1000 is a conversion factor
to convert from kg m-2 and ng g-1 to ng m-2.
The total amount of eBC on the surface for a given day (eBCtotal) (ng m-2), which is
representative of the amount that would be on the surface at the end of the day, may be
expressed linearly or as a non-linear process. The linear process is expressed as
eBC!"!#$ = eBC!"!#$ (!!!) + eBC!"# + eBC!"#
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(12a)

where eBCtotal(d-1) is the total amount of eBC on the surface from the previous day (ngm-2).
eBCday is defined by Equation 11, and eBCdry is an input value (Table 5, 6, 7). The non-linear
process is expressed as
eBC!"!#$ = eBC!"!#$(!!!) + eBC!"#(!!!) +

!!"#(!!!) ! !!"#(!!!) ×!!(!!!) !!!""(!!!)

×

!!"###

eBC!"#(!!!) ×1000

(12b)

where eBCtotal (d-1) is the total amount of eBC on the surface from the previous day (ng m-2)
(Equation 12b), eBCdry(d-1) is the amount of dry deposition from the previous day (ng m-2)
(Table 7), Esub(d-1) is the amount energy absorbed in the snowpack the previous day (J m-2)
(Equation 2), µeBC(d-1) is the area within 1m2 covered completely by eBC from the previous
day (m2 m-2) (Equation 7), Ee(d-1) is the total amount of incoming solar energy from the
previous day (J m-2 d-1) (Table 7), Eadd(d-1) is the amount of additional energy absorbed on the
surface by LAPs from the previous day (J m-2) (Equation 5), 336000 is the number of joules
required to transform 1 kg of snow to liquid, eBCsub(d-1) is the concentration of in-snow eBC
from the previous day (ng g-1) (Table 7), and 1000 is a conversion factor to convert from kg
m-2 and ng g-1 to ng m-2.
.
The total surface eBC and subsurface values for a given time step are used to simulate
an estimated surface concentration of eBC (eBCsim) (ng g-1) using the following equation
eBC!"# =

!"#!"# !!"#!"!#$
!×!""""
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(13)

where eBCsub is the concentration of in-snow eBC (ng g-1) (Table model variables), eBCtotal is
the total amount of eBC on the surface (ng m-2) (Equations 12a and 12b), ρ is the density of
the snow (g cm-3) (Table 7) and 20,000 is used to convert ng g-1 to grams because the sample
is assumed to have a depth of 2 cm.
The snow mass loss due to LAPs (meBC) (kgm-2) is expressed as
m!"# =

!!"# !!!"#$ !!!""
!!"###

(14)

where Esub is the amount of energy absorbed in the snowpack (J m-2) (Equation 2), Esurf is the
amount of energy absorbed on the surface (J m-2) (Equation 6), Eadd is the amount of
additional absorbed by LAPs on the surface (J m-2) (Equation 5), and 336000 is the number
of joules required to transform 1 kg of snow to liquid.
Snow mass loss due to LAPs is converted to snowmelt (mm) using the following
equation
M!"# =

!!"#
!

(15)

where meBC is the snow mass loss due to LAPs (kg m-2) (Equations 19a and 19b) and ρ is the
density of the snow (g cm-3) (Table 7).
Degree-days are used to calculate snow mass loss (kg m-2) and snowmelt (mm) due to
temperature within the model. A degree-day (DD) is a unit used to demonstrate the number
of days, within a given time period, in which the average daily temperature is above freezing.
In this model, degree-days are calculated separately (Equation 16) and then used as an input
in the larger model. A degree-day factor (DDF) (mm d-1 °C-1), also known as the melt
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coefficient, is used in conjunction with the DD to calculate the snowmelt due to temperature
(Mt) (mm). DD is expressed as
DD =

!"
!
!!! !

(16)

!"

Where T+ represents temperatures above 0°C, within a 24 hour period. Positive degree-hours
are summed and then divided by 24 in order to convert from degree-hours to degree-days.
Snow melt due to temperature (Mt) (mm) is expressed as
M! = DD×DDF

(17)

where DD is degree days (Equation 16) and DDF is the degree day factor (mm d-1 °C-1)
(Table 7).
Snow mass loss due to temperature (kgm-2) is expressed as

m! =

!!
!"

× !",!!!

(18)

!"""

where the conversions used to convert Mt (mm) to mt (kg m-2) workout so that Mt = mt.
The amount of snow mass loss due to both LAPs and temperature (kg m-2) is also
calculated and is expressed as
m!"#$ =

!!"# !!!"#$ !!!""
!!"##

+ m!

(19a)

where Esub is the amount of energy absorbed in the snowpack (J m-2) (Equation 2), Esurf is the
amount of energy absorbed on the surface (J m-2) (Equation 6), Eadd is the amount of
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additional energy absorbed by LAPs on the surface in the second wave of absorption (J m-2)
(Equation 5), and mt is the snow mass loss due to temperature (kg m-2) (Equation 18).
Beyond the first time step, or first day, this may be expressed as
m!"#$ = m!"# + m!

(19b)

where meBC is the snow mass loss due to LAPs (kg m-2) (Equation 14) and mt is the snow
mass loss due to temperature (kg m-2) (Equation 18).
Snow mass loss is then converted into a snowmelt depth (MeBCt) (mm) using the
following equation
M!"#$ =

!!"#$
!

(20)

where meBCt is the snow mass loss due to LAPs and temperature (kg m-2) (Equations 19 a and
19 b) and ρ is the density of the snow (g cm-3) (Table 7).
The model also calculates the cumulative snowmelt depth for each time step (Msum)
(mm) by adding the previous day’s cumulative snowmelt (Msum(d-1)) to the snowmelt depth
for the current time step (MeBCt) (Equation 21)
M!"# = M!"#(!!!) + M!"#$

(21)

8.5 Results
8.5.1 Value Ranges and Trends
Output values for Eclean, Esub, and albedo were all negatively and exponentially
related to increased eBCsub input values and Esurf, meBC, MeBC, meBCt, MeBCt, eBCday, eBCsim,
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eBCm, eBCtotal were positively and exponentially related to increased eBCsub input values
(Tables 5 and 7). Mt and mt experienced no change from changes in eBCsub values.
Eclean, Esub, Esurf, meBC, MeBC, meBCt, MeBCt, mt, and Mt responded with reasonable
output values when eBCsub was between 0 and 40 ng g-1 (Table 7). eBCsim values fell within a
reasonable output range (0 - 1,500,000 ng g-1) with eBCsub values ranging from 0 to 110 ng g1

. However eBCtotal only responded reasonably to eBCsub input values between 0 and 80 ng g-1

in order to fall within a reasonable output range from 0 to 1.3x109 ng m-2. eBCday and albedo
outputs responded with a reasonable range of output values when eBCsub input value limit
was 20 ng g-1 and 10 ng g-1, respectively.
In addition to eBCsub, output values of eBCsim and albedo were also dramatically
impacted by the input values used for eBCdry, DD, and DDF. eBCsim output values were
positively and exponentially related to eBCdry, DD, and DDF values while albedo had a
exponentially negative relationship with increases in eBCdry and DD values. eBCsim and
albedo outputs were only reasonable when eBCdry input values fell between 0 and 50 ng m-2.
eBCdry values of 100 ng m-2 produced eBCsim values of 650 ng g-1 or greater. Albedo was
reduced by 0.03 or more when eBCdry values of 100 ng m-2 or greater were used.
DD values beyond 0.75 yielded albedo reductions greater than 0.02 and eBCsim
values greater than 450 ng g-1. Albedo had a negative non-linear relationship with increased
DDF values, however the relationship was not exponential like its relationships with eBCsub,
eBCdry, and DD values. DDF values beyond 2 mm d-1°C-1 resulted in a simulated albedo
reduction of 0.02 or greater. eBCsim shared a positive non-linear relationship with increased
DDF values, and like albedo, the relationship was not exponential. DDF values of 2 d-1°C-1
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or greater resulted in eBCsim values of 500 ng g-1 or greater. Simulations for DDF values less
than 2 d-1°C-1 were not run.
Ee and Msum shared a positive non-linear relationship in which increased Ee values
resulted in higher values of Msum. Additionally, this relationship was amplified over the
course of the 90 day run in which the change in Msum became larger between days starting
around day 35 and becoming most amplified between days 70 and 90 (Figure 4). The
maximum amount of cumulative snowmelt (1461.3 mm) occurred under 20,000,000 J m-2 d-1

Figure 4: Cumulative snowmelt over the course of 90-day runs at each day for 1,000,000 Ee intervals
between 10,000,000 and 20,000,000 J m-2 d-1.

on day 90 whereas the simulation with 10,000,000 Ee resulted in 1109.7 mm snowmelt on
day 90 (Figure 4).
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MeBCt also increased as eBCtotal increased, but did so at a decreasing rate. Larger
values of eBCsub also yielded larger amounts of eBCtotal. eBCday, and eBCsim. eBCsim values
equated to between 0.167 and 0.169% of eBCtotal for each day within a run (Figure 5).

Figure 5: eBCsim values compared against eBCtotal values on an altitudinal gradient from 4700 to

5700 masl with an interval of 100 m.

A negative relationship between altitude and Esurf led to decreased values for MeBCt
and MeBC as altitude increased (Figure 6 a and b). Mt also decreased as altitude increased but
this was driven by a decrease in DD values as altitude increased (Figure 6a) (Table 8). As
meBCt increased albedo was reduced with reductions as large as 0.3 (Figure 6c). There was
more reduction in albedo at lower elevations, which was driven by up to 45 kg m-2 of snow
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mass loss (Figure 6c). Mt and MeBC together made up the value of Msum at each elevation,
which decreased exponentially as altitude increased, driven by a negative relationship
between altitude and DD values (Table 8) (Figure 7). Thus, MeBC increased by a factor of Mt,
which decreased with altitude (Figure 7). Additionally, at 5500 masl and above, Mt went to 0
as there were calculated to be no degree-days (Figure 7).
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a

b

c

Figure 6: (a) snow mass loss due to LAPs and temperature over the course of 93 day runs,
(b) total eBC on the surface per day by the snow mass lost due to LAPs and temperature,
and (c) albedo by snow mass loss due to LAPs and temperature for all altitudes for the
clean standard, Pisco, and Vallunaraju
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Table 8: Calculated degree day values and their corresponding snowmelt values for each simulated altitude.
Altitude (masl)
4700
4800
4900
5000
5100
5200
5300
5400
5500
5600
5700

Degree Day
2.703
2.08
1.565
1.139
0.765
0.443
0.201
0.036
0
0
0

Snowmelt due to temperature per day (mm)
6.756
5.12
3.912
2.847
1.913
1.107
0.502
0.09
0
0
0

Figure 7: Total snowmelt (mm) for each altitude separated by space. Total snowmelt is displayed as
proportion due to LAPs and proportion due to temperature.
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8.5.3 eBC in Snow Variation
At 4700 masl, where Mt was highest, a concentration of 10 ng g-1 resulted in a 0.01
albedo reduction over the course of 16 days (Figure 8). At altitudes where Mt did not occur
(Table 8), the same reduction in albedo took place over the course of 81 days (Figure 8). At
4700 masl, for simulations that used an eBCsub input of 30 ng g-1, an albedo reduction of 0.01
took place over the course of 10 days (Figure 8). However at 5500 masl and above, where
there were no degree days (Table 8) and no snowmelt due to temperature occurred, an albedo
of reduction of 0.01 took place over the course of 21 days (Figure 8).

Figure 8: Albedo trends for simulations on an altitudinal gradient with a 100 m interval over the course of
90-day runs for simulations run with 0, 10, and 30 ng g-1.
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8.5.4 Run Duration Variation
The previously stated results are all based on 90-day simulation runs. While the
duration itself did not push the model beyond its limits, longer simulation durations allowed
for larger amounts of accumulation of eBCtotal on the surface. This resulted in larger
simulated albedo reductions and values of Esub, Eclean, and Esurf that went beyond reasonable
ranges of energy absorption. As run duration decreased, eBCtotal accumulation was restricted
thus a higher proportion of Ee entered into the snowpack and a was absorbed within the
snowpack. Decreased run durations also resulted in a lower proportion of total incoming
energy being absorbed on the surface, overall. For 45-day simulation runs, under conditions
between 0 and 70 ng g-1 eBCsub, Esub, Eclean, and Esurf values all fell within their determined
ranges of reasonable outputs. Finally, snowpack density, ranging from loosely packed snow
to ice, affected MeBCt and MeBC. Both MeBCt and MeBC values decreased as snowpack density
increased.

8.6 Discussion
The 40 ng g-1 upper limit of the eBCsub input value for the majority of output variables
in the model, including Eclean, Esub, Esurf, meBC, MeBC, meBCt, MeBCt, mt, and Mt, is likely due to
the 90-day duration of the runs and the assumption that no outwash of eBC takes place. The
majority of LAPs are water-insoluable, which causes them to accumulate at the surface
instead of being washed out with snowmelt. Because this model function in between snow
accumulation events, eBC accumulates exponentially on the surface over the course of the
run and allows for incredibly high values of eBCtotal to exist on the surface (Equation 12b),
which explains why shorter runs had a higher upper limit for the input value of eBCsub.
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Xu et al. (2012) found that over the course of a one-year experiment the concentration
of black soot was enriched by at least an order of magnitude as compared to the original
concentration in snow at the beginning of the year. Summer snow surface BC values were 13
times higher than winter values from January and February, with concentrations as high as
400 ng g-1 (Xu et al. 2012). Increased surface LAP values due to the accumulation of LAPs
previous held within the snowpack before melt increase the amount of energy absorbed on
the surface and further reduce broadband albedo. The magnitude of this positive feedback is
largely dependent on the scavenging efficiency of LAPs and LAP particle size (Doherty et al.
2013, Schwarz et al. 2013). Other studies have also found that 10 ngg-1 of eBC yields a 0.01
reduction of albedo values. Xu et al. (2009) found that an increase of 10 ngg-1 of eBC on the
surface yielded an albedo reduction between 0.01 and 0.04.
As LAPs accumulate on the surface, both through the process of snowmelt and dry
deposition, LAPs are randomly distributed and are able to accumulate on top of one another.
At low values of µeBC, this does not appear to pose a problem for calculating the area shaded
by LAPs. However, as values approach 1, where the entire square meter is covered by LAPs,
the function falls apart. This is because the models assumes a linear fit for this process when
in reality it becomes exponential when values approach 1. Such assumptions then impact the
calculation of energy that enters into the snowpack, energy absorbed within the snowpack,
and albedo.
Dry deposition values used in model runs had a large impact on eBCday, eBCsim, and
eBCtotal output values because of the operationalization of each of these variables within the
model (Equations 11, 12a, 12b, and 13). Dry deposition is difficult to measure and little
literature exists regarding dry deposition rates in the Cordillera Blanca. Values used in these
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simulations are based on findings presented in Yasunari et al. (2013). The study estimated
dry deposition values between 900 and 1300 µg m-2, which converts to 900,000 to 1,300,000
ng m-2 (Yasunari et al. 2013). Dry deposition values this large overloaded the model and
produced unreasonable albedo output values. However Yasunari et al. (2013) reported that
dry deposition values within this range have the potential to reduce broadband albedo values
anywhere from 5.5-8.4% depending on the age of the snow. As such, dry deposition values
used in these simulations present a site of large uncertainty due to the uncertainty in
deposition rates in the Cordillera Blanca.
Snowmelt values varied mainly due to in-snow eBC concentrations and temperature,
and thus altitude. While it is likely that the assumption of LAPs accumulation on the surface
used in the model is a main driver in the impact that in-snow eBC values have on snowmelt
and albedo, temperature is presented as a constant value based on altitude within the model.
Snowmelt values were lower and albedo values higher with increased altitude. In this model,
this is driven by changes in temperature and thus the degree-day value used in the
simulations at different altitudes. While temperature plays an important role in glacier
ablation, specifically within the Cordillera Blanca, it is not the most prominent cause of
ablation in the region (Vuille et al. 2008b).
Gurgiser et al. (2013) found that ablation rates were low above 5000 masl at Shallap
glacier in the Cordillera Blacna, which may suggest that the model over estimates snowmelt
due to temperature between 5000 and 5100 masl where a degree day value of 1.139 and
0.765 are used, respectively. At 5200 masl and above, degree day values used in the model
are lower (≤0.443) however at 5000 and 5100 masl, DD values used in simulations may have
been too high, causing the model to overestimate the amount of melt due to temperature. This
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is assuming that the characteristics of ablation found by Gurgiser et al. (2013) at Shallap
glacier are somewhat consistent across a larger area of the Cordillera Blanca. Gurgiser et al.
(2013) also reported that the absorption of solar radiation had a large impact on the high melt
rates that were present in the Shallap glacier ablation zone. This has implications for the
model presented in this study because Gurgiser et al. (2013) did not account for absorption
due LAPs in the glacial system. Because increases in surface concentrations yield higher
rates of solar energy absorption, Gurgiser et al.’s (2013) study further indicates that melt
rates are indirectly linked to eBC surface concentrations.
The equilibrium line altitude (ELA) and changes in precipitation on an attitudinal
gradient play important roles in ablation in the Cordillera Blanca (Mark and Seltzer 2005,
Vuille et al. 2008b). This model functions in between precipitation events and thus does not
take into account for ablation mitigation caused by precipitation events. Vuille et al. (2008b)
found a highly significant correlation (p<0.01) precipitation and glacier mass balance in the
Cordillera Blanca. However, it is still unclear as to whether the large impacts of precipitation
on mass balance were directly caused by accumulation or indirectly through increase in
surface albedo and the amount of radiation that enters into the snowpack system (Vuille et al.
2008b).
Additionally, the model does not account for snow mass loss due to sublimation,
which may impact snow mass loss estimates and thus surface eBC concentrations due to
surface aggregation during the melt process (Xu et al. 2013 Doherty et al 2013). However, in
the Cordillera Blanca, multiple studies have found that sublimation accounts for much less
ablation as compared to snowmelt (Wagnon et al. 1999a, Wagnon et al. 1999b, Mark and
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Seltzer 2005, Vuille et al. 2008b, Gurgiser et al. 2013) but sublimation is still accounts for a
notable amount of total mass lost.
Vuille et al. (2008b) found that sublimation was limited in the Cordillera Blanca and
more snow mass loss was due to melting. This was due to a negative correlation between
near-surface vapor pressure and mass balance, caused by increased near-surface humidity.
The reduced vapor pressure gradient between the glacier surface and the air above lowered
latent heat flux which limited sublimation (Vuille et al 2008b). Available solar energy was
used in the process of melting due to melting’s 8.5 times more efficient use of energy as
compared to sublimation, which caused more mass loss through melting (Vuille et al 2008b).
Mark and Seltzer (2005) found that sublimation counted for 20% of ablation within
one hydrological year in the Cordillera Blanca. Wagnon et al (1999a) noted negative latent
heat fluxes for the Zongo Glacier in the Cordillera Real, Bolivia. This led to ice mass loss at
the surface via sublimation, with high rates of sublimation during the dry season, which is the
same as the dry season in the Cordillera Blanca (Wagnon et al. 1999a). However,
sublimation still only accounted for 202 mm of 1196 mm of total ablation, or about 17% over
the entire hydrological year. This value is comparable to that reported by Mark and Seltzer
(2005), suggesting that sublimation in the dry season in the Cordillera Blanca may fluctuate
around 20% of the total ablation.
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9. Simulations
9.1 Pisco Simulations
9.1.1 Methods
Simulated surface eBC concentration output values were compared with field samples
from the col and summit of Pisco for the 2012 dry season in order to simulate real-world
LAP accumulation on the glacial surface. The samples were collected by the American
Climber Science Program in two sets from Pisco on June 15th and August 1st, 2012. Samples
were taken from glacial surfaces along an altitudinal transect. At each sampling location
snow was taken from the surface (1-3 cm in depth) and a subsurface (3-5 cm in depth)
directly below the area where a surface sample was taken. Enough snow was collected for
each sample to fill a 4-liter resealable bag.
After collection, samples were melted one at a time by placing each plastic bag in
warm water (around 30ºC). Samples were subsequently filtered. Filtering took place
immediately after melting in order to minimize adhesion of particles to the surface of the
plastic bag. The resulting water from the snow was drawn up into a 60mL syringe and
pumped slowly through a 0.7 micron Pallflex® Tissuquartz type 25mm quartz fiber filter
which was attached to the syringe by a filter holder. A single filter was used for each melted
snow sample. Water was filtered until the filter presented obvious discoloration. A maximum
of 600 mL of water was filtered for each sample as to avoid overloading the filters with
LAPs.
After the filtering process was complete, filters were dried in the sun and then placed
into individual storage capsules and stored in a freezer. Filters were then analyzed for an eBC
concentration using the protocol detailed in Appendix A.
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45-day simulations were run for the col and the summit in order to simulate eBC
concentration changes within the system between June 15th and August 1st, 2012. Multiple
simulations were run at the col using a range of dry deposition values and a single simulation
as the summit (Table 9). Additionally, simulations for the summit and the col used different
input values based on the each space’s physical characteristics including altitude, snowpack
density, and eBCsub values (Table 9).
Table 9: Input values used in the different simulations run for the Pisco col and summit.
Space

Run #

Days

Ee

eBCsub

eBCdry

ρ

DD

DDF

SNICAR
αeBC

1
2
3
4

45
45
45
45

1.62x107
1.62x107
1.62x107
1.62x107

7.6
6
7.6
7.6

0
0
5200
2000

0.6
0.6
0.6
0.6

0.201
0.201
0.201
0.201

2.5
2.5
2.5
2.5

0.7798
0.7804
0.7798
0.7798

1

45

1.62x107

6

5200

0.3

0

2.5

0.7804

Col

Summit

9.1.2 Results
Simulation Col 3 used 6 ng g-1 eBCsub, as compared to 7.6 ng g-1 eBCsub used in all
three of the other col simulations, and had the smallest change in the concentration of surface
eBC of the group (Table 9, Figure 9 a and b). This mirrored the strong impacts that eBCsub
values had on model output variables described in section 8.5 and 8.6. Additionally,
measured eBCsim values at the col were larger than those at the summit on June 15th (day 1)
however, the eBCsim value of the summit surpassed that at the col between days 12 and 15
and eBCsim values of 20 to 25 ng g-1 (Figure surf eBC day summit col b). At the end of the
simulation, the eBCsim values at the col were within ±22.1 ng g-1 of the measured eBC surface
concentration of 35.8 ng g-1 (Figure 9 a and b). Finally, for over the course of the 45-day
simulation, the model produced a albedo reductions between 0.001 and 0.0039 at col while
the summit had an albedo reduction of 0.0022 (Figure 9 c).
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a

b

c

Figure 9: (a) Measured and simulated surface eBC concentrations at the onset of the run (day 1) and
the end of the run (day 45) for the Pisco col and summit. (b) Daily simulated values of surface eBC
concentration over the course of a 45 day run for the Pisco col and summit. (c) albedo change by the
simulated surface eBC concentration.
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experienced a more rapid decrease in the surface albedo as compared to the summit (Figure 9
c).
Over the entire 45-day run, more snowmelt occurred in all four simulations at the col
compared to the 31.9 mm of snowmelt that occurred at the summit (Figure 10). Because the
summit is situated at 5700 masl and the DD value is 0, no melt due to temperature occurred
at the summit. At the col, melt by temperature increased daily values of MeBC by 0.502 mm,
or 22.6 mm over the course of the 45-day run. Snowmelt due to LAPs varied across all of the
col simulations, with the Col 3 simulation resulting 23.6 mm MeBC, the highest value of MeBC
of all four col simulations. The 31.9 mm of MeBC at the summit, which also represented the
total snowmelt at the summit, was the highest MeBC value of all five simulations (Figure 10).

Figure 10: Total snowmelt for each Pisco simulation at the col and summit. Total melt is displayed as
the proportion due to LAPs and the proportion due to temperature.
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9.1.3 Discussion
The Col 4 run best simulated the accumulation of LAPs on the surface at the col.
However, the Col 4 simulation used different input values for eBCdry and eBCsub from those
of the summit simulation (Table 9). Hicks (1986) presented a model for estimating dry
deposition rates in mountainous environments and suggested that deposition rates are likely
higher on high-altitude slopes. However, the study does not present quantitative results to
firmly suggest that dry deposition rates regularly increase with altitude (Hicks 1986).
Additionally, local climatic patterns, specifically wind patterns, play a large role in dry
deposition patterns. In regards to the Cordillera Blanca, weather systems that move into the
Andes from the Amazon basin due to easterly winds might suggest that increased rates of wet
deposition occur on the eastern slope of the range, but do not give much insight into changes
in deposition on an altitudinal gradient (de Carvalho and Cavalcanti 2016, Ruijrok et al.
1995). Discrepancies in the amount of eBCdry used in the Col 4 and summit simulations
suggest that additional refinement regarding spatial usage of the model must be done in order
to better simulate real-world scenarios.
The different eBCdry values used in the Col 4 and summit simulations also led to a
difference in MeBC. The summit experienced a higher total MeBC value than the col, despite
the higher concentration of eBCsub at the col due the eBCdry value at the summit being over 2
fold of that at the col. However, added melt due to Mt at the col resulted in a larger total melt
value at the col than the summit.
In addition to larger amounts of eBCdry at the summit, the lower density of the summit
snowpack likely allowed for more MeBC (Table 9) (Marshall 2012). The larger value of MeBC
at the summit, due to both larger eBCdry and lower snowpack density, resulted in more
53

accumulation of eBC on the surface at the summit and thus a higher measured and simulated
surface eBC concentrations on day 45 as compared to the col (Marshall 2012).
The larger reduction in albedo at the col, compared to the summit albedo reduction,
was likely due to higher eBCsub values at the col. Higher eBCsub values likely caused an
increased amount of energy absorption within the snowpack and thus less energy available to
be absorbed in the second wave of absorption by LAPs on the surface as well as less energy
exiting the entire system.

9.2 Tower Building
9.2.1 Methods
The impact of LAPs on glacial melt can be demonstrated through human modification
of surface albedo through the removal of surface impurities. Within a given area, the LAPs
on the surface can be cleared off. Over time, the area where surface LAPs have been
removed will melt more slowly than the surrounding area that is still contaminated with
LAPs (Figure 11). Such formations are modeled by simulating the melt and LAP
accumulation for the clean area separately from that of the contaminated area. This is done
using 93-day runs in order to simulate the growth of a tower over the entirety of the
Cordillera Blanca dry season. In the clean area on day 1, no surface eBC is input into the
model. A large dry deposition event of 20,000,000 ng m-2 is used to replicate the high
amount of LAPs in the still contaminated areas that surround the clean area. The snowmelt
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Figure 11: Conceptual model of the growth of a tower over a 90-day period. (Encarnacion et al
2017, unpublished).

due to LAPs and temperature (MeBCt) output on day 93 for the clean area is subtracted from
the MeBCt for the contaminated area in order to calculate the forecasted tower height.
Simulations for the tower area and the surrounding area were run at 100 m intervals from
4500 to 4900 masl.

9.2.2 Results
The amount of snowmelt in the surrounding and tower areas decreased with altitude
for simulations that used an eBCsub concentrations of 10 or 100 ng g-1 (Figure 12 a and b),
while tower height increased with altitude for both sets of simulations (Figure 12 d and c).
Additionally, the surrounding area experienced more melt than the tower area at all altitudes
for 10 eBCsub and 100 eBCsub. The maximum amount of snowmelt occurred at 4500 masl for
both sets of simulations, but simulations that were run with 100 eBCsub resulted in snowmelt
values .56 fold of those that were run with 10 eBCsub (Figure 12 a and b).
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Simulations run with 100 eBCsub presented more cumulative melt at all altitudes as
compared to simulations that used 10 eBCsub. However, there was a larger discrepancy
between the melt values for the surrounding area and the tower for simulations that were run
with 10 eBCsub (Figure 12 a), resulting in taller tower heights (Figure 12 c). The tallest tower
for simulations that used 10 ng g-1 eBCsub was about 2500 mm and 1400 mm for simulations
that used 100 ng g-1 eBCsub (Figure 12 c and d). Both of these occurred at 4900 masl, and

a

c

d

b

Figure 12: Cumulative snowmelt (mm) of tower areas and their surrounding areas every 100 m between
4500 and 4900 masl with an in-snow eBC concentration of (a) 10 ngg-1 and (b) 100 ngg-1 and tower heights
produced at the same altitudes with an in-snow eBC concentration of (c) 10ngg-1 and (d) 100 ngg-1.
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tower height decreased as altitude decreased for both sets of simulations (Figure 12 c and d).
Additionally, there was a smaller range of tower heights (2387-2564 mm) resulting from
simulations run using 10 ng g-1 eBCsub as compared to simulations that used 100 eBCsub (8191423 mm) (Figure 12 c and d).
9.2.3 Discussion
The near 8 meters of estimated snowmelt for simulations using 100 eBCsub has been
demonstrated in the Cordillera Blanca in glacier mass balance studies. In an energy and mass
balance study conducted by Gurgiser et al. (2013) on Shallap glacier estimated between
about 6 m of snow loss between September 2007 and September 2008 and nearly 9 m of
snow loss from September 2006 to September 2007 at 4700 masl. At 4800 masl, Gurgiser et
al. (2013) estimate between 4 and 6 m of snow loss for the 2007/2008 and 2006/2007
measured years, respectively. This is much lower than the simulated 7 m of snow loss at
4800 m produced by this model. This is likely due to a difference in the integration of
temperature in this model as compared to the model constructed and used by Gurgiser et al.
(2013).
Additionally, the study found that only 0.17 and 0.18 m of precipitation occurring in
the dry season between May and September (Gurgiser et al. 2013). Precipitation is not
accounted for in the simulations presented in this study and thus simulated melt does not take
into account any gains in mass balance due to precipitation.
Finally, simulated tower heights from simulations that used 10 ng g-1 were taller than
those run with 100 ng g-1 because the smaller concentration of eBCsub. As established in
section 8.6, eBCsub had a large impact on the output values for meBCt, meBC, MeBCt, and MeBC.
Because of the smaller eBCsub value, there is an even larger discrepancy in the drivers of melt
57

between the tower area and the surrounding areas in simulations that used 10 ng g-1 eBCsub.
This discrepancy manifests as a larger difference between snowmelt in the surrounding area
and snowmelt in the tower area. Despite higher overall amounts of melt for simulations run
with 100 ng g-1.

10. Conclusion
The function of the model presented in this study is to assess the impacts of LAPs on
the glacial surface and subsurface as well as account for melt due to temperature. This
version of the model acts as a stepping stone for further refinement of the operationalization
of real-world snowpack processes. Refinement and incorporation of additional processes will
increase the accuracy of model simulations. These additions will also allow this model to be
incorporated into larger hydrological models with more ease. The incorporation of processes
and factors such as sublimation, relative humidity, precipitation events, and vapor pressure
are all potential avenues for refinement of the model presented in this study. Additionally,
reconstructing the foundations of the model so that it is spatially-based will allow for it to be
incorporated into large hydrological models, which are also spatially-based, and further
increase our ability to understand and simulate all processes contributing to glacial melt.
Studying glacial melt becomes ever more important as climate change continues to
accelerate melt on a global scale. Glaciers act as important water storage units for both
human and ecological communities. Beyond the ecological impacts of glacial recession,
specifically within the tropics, social and economic structures are threatened by glacial melt
(Vergara et al. 2007). In the Cordillera Blanca, the livelihoods of about 80% of the area's
population is dependent on subsistence or small-scale agriculture, and thus water resources
are essential for household consumption and vocational use (Mark et al. 2010).
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Livelihood vulnerability studies indicate that residents of the Cordillera Blanca
recognize the ecological and social threats and impacts of glacier recession in the region
(Carey 2005, Mark et al. 2010, Bury et al. 2011). Due to the regional population’s
dependence on subsistence agriculture and livestock grazing, glacier recession threatens food
security and household incomes throughout the region (Mark et al. 2010, Bury et al. 2011).
In addition to the agricultural impacts, continual glacial melt in the Cordillera Blanca
threatens land stability and massive flooding in the region. In the past there have been many
examples in which glacial melt has led to landslides and outburst floods that had major
detrimental impacts on local towns (Carey 2005, Hubbard et al. 2005). Outburst floods still
pose a major immediate threat to the safety and livelihoods of a larger portion of the
population in the Cordillera Blanca (Emmer et al. 2016).
While the focus of this study is tropical glaciers in the Cordillera Blanca, Peru, the
model is still applicable to icecaps and sheets at the poles as well as mid-latitude glacial
systems. LAPs impact the polar and mid-latitude regions of the cryosphere(Ming et al. 2009,
Yasunari et al. 2010, Yasunari et al. 2013, Ginot et al. 2014, Kaspari et al. 2014, Khan et al.
2017), accelerating melt and thus contributing to global sea-level rise. Studying the impacts
of LAPs on the cryosphere thus has important implications for our broader understanding of
both the ecological and social impacts and implications of climate change.
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12. Appendix A: Extended Methods
12.1 Light Absorbing Heating Method (LAHM) Instrument
The instrument used in this method is designed to determine particle properties of particles
on 25mm diameter filters, however configurations for other filter size are possible. The
instrument is composed of several plexiglass sheets 25x25 cm in size. The bottom sheet of
plexiglass is 2cm thick and has a 23 mm diameter that goes 1.5 cm into the sheet. The
remaining 0.5 cm is drilled to the size of the infrared thermometer module (approximately
0.8 cm diameter). The infrared thermometer module (MELEXIS MLX90614ESF-BAA-000TU-ND non-contact infrared thermometer for use with Arduino) is secured on the bottom of
the sheet which is them secured onto the instrument base with space for the module board
and the wires. For analysis, a 25 mm filter is placed over the 23 mm hole which places the
bulk of the filter bottom in the field of view of the infrared thermometer. Two additional
plexiglass sheets with holes of incr easing diameter size are placed on top of the first sheet
for the analysis process. To prevent the accumulation of warmed air above the filter, a gap is
created using two 2.5x2.5 cm sheets 0.5 cm thick and a final 25x25 cm sheet 0.5 cm thick
again. An LED light (PHILIPS 50W replacement indoor flood model number: BC7PAR16,
9290012454) is then placed onto four small rubber bumpers on top of the final sheet, again,
to prevent direct heat transfer from the bulb to the instrument. The final configuration was
determined through experimentations in an effort to reduce heat exchange between
components of the instrument, The infrared module is operated by an Arduino
microcontroller which also controls the light through a commercially available relay system,
the PowerSwitch tail II.
An Arduino program has been written to operate the system through five illumination
and cooling cycles. Averaged data produce an extremely stable signal. The first four
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illumination periods are 30 seconds and the final is 120 seconds, all with 90 seconds cooling
periods in between. The instrument has thus far been used only for 25 mm filters
investigating light absorbing particles on glaciers. Therefore, results and calibration are
focused on 25 mm filters.
6.3.2 Instrument Calibration
Basic instrument calibration has been completed using specially prepared Millipore
0.22 micron filters (GSWP02500 Mixed Cellulose Ester Filter Membrane) and laboratory
grade fullerene soot (Baumgardner et al., xxx). Mixtures of fullerene soot in water were
created enabling a known amount of fullerene soot to be deposited onto the filters (Schmitt
et al., 2015). The temperature traces were normalized by subtracting the temperature of the
ten seconds prior to illumination. In total, approximately 50 calibration filters have been
created, with fullerene soot masses ranging from 1.0 microgram to 100 micrograms. The
following equation shows the functional fit relating temperature increase to micrograms of
soot:
𝑀 = 0.395 ∗ 𝑇 ! − 0.326 ∗ 𝑇 + 0.792
where M is the mass in micrograms and T is the temperature increase in degrees C.
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13. Appendix B: Extended Background
13.1. Climate of the Cordillera Blanca
The Cordillera Blanca, situated between 8ºS and 10ºS in the Ancash region of Peru, is
a subsection of the greater Andes mountain range and the most glaciated tropical region in
the world. The range is 180 kilometers long and 20 kilometers at its widest point, with an
elevation range from 3,000-6,768 meters above sea level (masl). As in most of the central
Andes, the Cordillera Blanca separates the dry Pacific slope from the wet Amazon basin.
Most of the precipitation in the region originates from easterly winds which carry moisture
from Amazon basin. The wet season takes place during the austral summer and the dry
season spans from May to September. Approximately 70-80% of the total yearly
precipitation in the Cordillera Blanca takes place during the wet season.
13.1.1 El Niño-Southern Oscillation
The El Niño-Southern Oscillation (ENSO) is a major climate event that heavily
influences semiannual precipitation rates in the Cordillera Blanca, and the entirety of the
South American continent. ENSO links changes in atmospheric patterns cause by the
Southern Oscillation along with large scale fluctuations of ocean surface temperatures of the
tropical Pacific driven by El Nino that generate wide spread climatic changes every 2-7
years.
During El Niño above-average off-shore sea surface temperatures (SSTs) arise off of
the west coast of South America in the Pacific between March and May. Along with such
changes in the ocean, the Southern Oscillation causes atmospheric fluctuations of The
Intertropical Convergence Zone (ITCZ), a narrow band of rising air, cloudiness, and high
rainfall in the eastern Pacific. The rising air in the ITCZ occurs from Hadley cells in the
lower atmosphere, where the convective area of the cells are located near the equator
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(Schneider and Mastrandrea 2011). During El Nino cycles the ITCZ moves to or south of the
equator which causes an array of changes throughout the Pacific including weakened trade
winds and a region of unusually high amounts of precipitation near the dateline.
In the mature phase of ENSO, weak trade winds cover most of the Pacific, caused by
the southward shift of the ITCZ, and high SSTs. This creates higher rates of heat transfer
from the ocean into the atmosphere, causing most of the troposphere over the Pacific to be
incredibly warm. In turn, the warmer temperatures of troposphere maintain the high
precipitation patterns until SST declines in the eastern Pacific. From these weak trade wind
patterns and high SSTs, the thermocline, the interface between the warm surface water and
cold, denser water, deepens. The SST anomaly first appears off of the coast of Peru when the
cold Humboldt current is capped by the newly present warm water.
In the Cordillera Blanca, ENSO regulates precipitation, humidity, and air
temperature, all of which impact glacier mass balance. In El Niño years, mass balance is
typically negative as compared to average because the atmosphere situated over the eastern
tropical Pacific is dry and cold. During this time the western tropical Pacific experiences low
sea-pressure and the atmosphere is warm, generating large amounts of precipitation in the
west. However, La Niña causes above average mass balance in the Cordillera Blanca because
the zone of warm air and high rates of precipitation move eastward due to a relaxation of the
trade winds (Vuille et al. 2008b). On the microclimate scale, or in individual valleys within
the Cordillera Blanca, similar regional impacts of ENSO are felt, but various elements of the
event are reduced or muted within these microclimates (Covert 2015).

71

13.1.2 The South American Monsoon System
The South American Monsoon System (SAMS) is an additional major climatic event
that heavily impacts the climate of the South American continent and the Cordillera Blanca.
The main driver of the SAMS cycle is the difference in heating between the Atlantic Ocean
and the South American landmass (de Carvalho and Cavalcanti 2016). SAMS largely
contributes to the stark contrast of precipitation rates between the wet versus dry season in
the Cordillera Blanca. The largest contrasts between summer and winter precipitation occurs
in the Central Amazon at 10°S with almost all precipitation falling in the summer months.
This large contrast in precipitation amounts in the central Amazon influences precipitation
patterns in the Cordillera Blanca because the range is also at 10ºS.
13.1.3 Other Influential Climatic Patterns
While SAMS drives high levels of moisture on the eastern slope of the Cordillera
Blanca, other climatic features such as the Humboldt Current, atmospheric Walker
circulation, and prevailing wind surfaces create the dry climate on the western slope of the
range. The Humboldt Current, brings cold water from the Antarctic south Pacific up the coast
of South America. Prevailing winds from southeast Pacific and Walker circulation both bring
cold air to the western coast of South America. The combination of these three climatic
elements create the dry climate seen on the western slope of the Cordillera Blanca, and the
Peruvian Andes in general.
13.1.4 Climate Change in the Cordillera Blanca
The warming trend in the Cordillera Blanca has doubled in the last 40 years and
tripled in the last 25 years (Vuille and Bradley 2000). The average minimum temperature,
calculated from data from over 30 stations on mountains situated throughout the entirety of
the region, in the Cordillera Blanca has increased by 0.29ºC per decade (from 1983-2012)
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while the mean maximum temperature has decreased by 0.04ºC per decade over the same
time period (Schauwecker et al. 2014). Overall, there has been a reported increase of 0.350.39°C/decade from 1951 to 1999 (Mark and Seltzer 2005). Over time, the minimum and
maximum temperatures with continue to diverge and impact the ratio of accumulation to
ablation, which in turn heavily affects glacier mass balance in the Cordillera Blanca
(Marshall 2012). Additionally, climate change has heavily impacted glacier accumulation
and ablation which are the two largest drivers of glacier mass balance.
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13.2 Pollutant Types Extended
Table 10: Recommendations for reporting types of black carbon based on properties and techniques used in
studies (Petzold et al., 2013).
Property
Light absorption

Technique
Light absorption
measurement

Instrument
Various in-situ
and filterbased methods
Photoacoustic
Spec.
Aethalometer
MAAP

Reported Value
Light absorption
coefficient σap; mass
concentration
computed from σap
by applying a
specific mass
absorption crosssection MAC

Recommendation
Report as σap;
If reported as EBC, specify
MAC value used for the
conversion from lightabsorption into mass
concentration

Mass concentration

Report as rBC
Specify means of calibration,
conversion factor from thermal
radiation to carbon mass, and
the size-cut of rBC particles
Report as rBC

PSAP
Refractory

Chemical
composition,
carbon content

Measurement of
thermal radiation

Soot Particle
Aerosol Mass
Spectrometry
Evolved carbon
methods, thermal
evolution of carbon
with optical
correction for
pyrolysis

COSMOS
SP2
LII

SP-AMS
Various
temperature
protocols

Mass concentration
OC/rBC mass
fraction
Mass concentration
OC/EC mass
fraction

Report as EC;
Specify temperature protocol
used for the sample analysis
Report as EC

ATOFMS
Aerosol Time-of
Flight Mass
Spectrometry

Graphite-like
microstructure
Particle
morphology

Soot Particle
Aerosol
Spectrometry
Raman
spectrometry
Electron
Microscopy

SP_AMS

Mass concentration
OC/EC mass
concentration
Mass concentration
OC/rBC mass
fraction
Mass concentration
Structural
information
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Report as rBC, because
technique detects carbon that is
evaporating under incandescent
conditions
Report as EC,
Specify means of calibration
Not applicable

13.3 Key Terms
All definitions are taken from Marshall (2012).
(Glacial) Ablation: all processes in which snow or ice is lost from the glacier. These include
but are not limited to snow or ice melt, calving events, sublimation, ice fall and avalanches.
Accumulation: all processes that incorporate material to the glacier. Materials include snow
or ice as well as atmospheric particles. These include but are not limited to precipitation
events, atmospheric deposition of pollutants, and densification (ice).
Albedo: the fraction of incoming radiation that is reflected back off of a surface.
Light Absorbing Particles (LAP): generally any particulate matter with a grain diameter of
0.7 microns or greater that are deposited on a glacial surface or incorporated within the
snowpack.
Mass Absorption Cross Section: the ratio of an area that is covered by light absorbing
particles. The area covered by such particles is assumed to be one hundred percent
absorptive.
Mass Balance: the difference between accumulation and ablation on a glacier.
Surface Energy Balance: the energy processes that govern the amount of energy that is
available for ablation of a glacier. Such processes include solar radiation, sensible heat flux,
latent heat flux, ablation, and accumulation.
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Appendix C: Figures and Tables
Table 11: Simulated surface eBC values for Pisco and Vallunaraju on day 1 and day 93 for altitudes every 100
m between 4700 and 5700 masl.
Mountain

Altitude
(masl)

Day 1 sim
eBC

Day 93 sim
eBC

Day 1 total
eBC

Day 93 total
eBC

Day 1
albedo

Day 93
albedo

4700
4800
4900
5000
5100
5200
5300
5400
5500
5600
5700

10
10
10
10
10
10
10
10
10
10
10

1766.09
1422.4
1137.48
901.48
694.31
515.27
380.62
288.95
268.93
268.93
268.93

0
0
0
0
0
0
0
0
0
0
0

10,536,556.91
8,474,380.36
6,764,879.46
5,348,884.16
4,105,834.09
3,031,613.05
2,223,717.74
1,673,723.60
1,553,583.46
1,553,583.46
1,553,583.46

0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78

0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.77
0.77
0.77
0.77

4700
4800
4900
5000
5100
5200
5300
5400
5500
5600
5700

30
30
30
30
30
30
30
30
30
30
30

12006.31
9972.16
8244.02
6780.4
5468.97
4313.75
3430.46
2821.55
2687.7
2687.7
2687.7

0
0
0
0
0
0
0
0
0
0
0

71,857,875.46
59,652,959.24
49,284,112.1
40,502,414.4
32,633,821.59
25,702,488.83
20,402,730.55
16,749,325.4
15,946,180.07
15,946,180.07
15,946,180.07

0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78

0.40
0.45
0.49
0.53
0.57
0.61
0.64
0.67
0.67
0.67
0.67

Pisco

Vallunaraju
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